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ABSTRACT
We use a multiannulus accretion code to investigate debris disks in the ter-
restrial zone, at 0.7–1.3 AU around a 1 M⊙ star. Terrestrial planet formation
produces a bright dusty ring of debris with a lifetime of & 106 yr. The early
phases of terrestrial planet formation are observable with current facilities; the
late stages require more advanced instruments with adaptive optics.
Subject headings: planetary systems – solar system: formation – stars: formation
– circumstellar matter
1. INTRODUCTION
Stars are born with circumstellar disks. Young stars have opaque, gaseous disks with
radii of 100–1000 AU and masses of 0.001–0.1 M⊙ (e.g. Wyatt, Dent, & Greaves 2003).
The disks absorb and re-emit light from the central star and generate internal energy by
viscous dissipation (e.g., Lynden-Bell & Pringle 1974; Adams, Lada, & Shu 1987; Kenyon
& Hartmann 1987; Bertout, Basri, & Bouvier 1988; Chiang & Goldreich 1999). Typical
disk temperatures range from ∼ 2000 K at the inner edge to ∼ 30–50 K at the outer edge.
Because the disk is cooler than the star, it produces an infrared (IR) excess of radiation
compared to a normal stellar photosphere. The excess is ∼ 1 mag at 3.5 µm (L-band), 2–5
mag at 10 µm (N-band), and 8–10 mag at 100 µm (e.g., Kenyon & Hartmann 1995).
As they age, stars lose their disks. The fraction of stars with opaque disks declines
from 80%–90% for 1 Myr old stars to 10%–20% for 10 Myr old stars (Haisch, Lada, & Lada
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2001b). Stars older than 10 Myr rarely have opaque disks. However, many older stars have
optically thin, ‘debris disks,’ with radii of 100–1000 AU and masses of 0.01–10 M⊕ (e.g.,
Habing et al. 2001; Spangler et al. 2001; Greaves & Wyatt 2003). Debris disks are
cooler than opaque disks and emit most of their radiation at wavelengths, λ & 10 µm (e.g.,
Lagrange et al. 2000).
Recent observations suggest a rapid evolution from opaque disk to debris disk. In the
Taurus-Auriga cloud, many young stars have the mid-IR colors of an opaque disk, K–L ∼
1, K–N & 2; others have the colors of cool main–sequence stars, K–L . 0.4, K–N . 0.5
(Kenyon & Hartmann 1995; Hartigan et al. 1990). Only ∼ 1%–2% of the 1–3 Myr old
stars in this cloud have intermediate colors. Other nearby star-forming regions have similar
fractions of ‘transition’ disks (e.g. Bontemps et al. 2001; Haisch et al. 2001a; Jayawardhana
et al 2001; Stassun et al. 2001; Najita, Carr, & Mathieu 2003), suggesting a transition
timescale of . 105 yr for material at 0.1–3 AU.
The transformation from opaque disk to debris disk requires the ‘disappearance’ of ∼
0.001–0.1 M⊙ of gas and dust. Planet formation plausibly explains this evolution. In the
planetesimal model, dust grains grow to mm sizes and fall into the disk midplane. The grains
evolve into 1 km ‘planetesimals’ (Goldreich & Ward 1973; Weidenschilling & Cuzzi 1993;
Youdin & Shu 2003), which collide and merge into planets (e.g. Lissauer 1993; Wetherill
& Stewart 1993; Kenyon & Luu 1999). The gravity of 1000 km or larger planets stirs up
leftover planetesimals to large velocities; a cascade of collisions then removes most of the
solid material remaining in small objects (Williams & Wetherill 1994). At the same time,
accretion, photoevaporation, disk and stellar winds, and perhaps other processes remove the
gas (e.g. Hollenbach et al. 1994; Pollack et al. 1996; Konigl & Pudritz 2000).
Recent studies support this picture. Observations suggest grain growth in the disks
surrounding the youngest stars (e.g. D’Alessio, Calvet, & Hartmann 2001; Throop et al 2001;
Hogerheijde et al. 2003; van Boekel et al. 2003). Vortices and other density fluctuations in
the disk promote the growth of grains into planetesimals (Adams & Watkins 1995; Supulver
& Lin 2000; Haghighipour & Boss 2003). At ∼ 0.3–3 AU, rocky planetesimals merge and
grow into planets in 1–10 Myr (Wetherill & Stewart 1993; Weidenschilling et al. 1997;
Chambers 2001). At 10–50 AU, icy planetesimals become planets in 10–30 Myr (Kenyon &
Luu 1999). Once icy planets form, a collisional cascade explains the luminosities, structures,
and timescales of debris disks (Dominik & Decin 2004; Kenyon et al. 1999; Kenyon &
Bromley 2002b, 2004).
Here, we consider the formation of terrestrial planets and debris disks. A collisional cas-
cade associated with the formation of 2000 km and larger rocky planets produces measurable
IR excesses which last for ∼ 106 yr, comparable to transition times observed in pre-main–
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sequence stars. The early stages of terrestrial planet formation are observable with current
facilities. The final accumulation phases require more sensitive instruments with adaptive
optics.
We outline the model in §2, describe the calculations in §3, and conclude with a brief
discussion in §4.
2. THE MODEL
We adopt the Safronov (1969) statistical approach to calculate the collisional evolution
of an ensemble of planetesimals in orbit around a star of mass M⊙ and luminosity L⊙
(Kenyon & Bromley 2002a, 2004). The model grid contains N concentric annuli with
widths δai centered at heliocentric distances ai. Calculations begin with a differential mass
distribution n(mik) of bodies with orbital eccentricity eik(t) and inclination iik(t).
To evolve the mass and velocity distributions in time, we solve the coagulation and
Fokker-Planck equations for bodies undergoing inelastic collisions, drag forces, and long-
range gravitational interactions (Kenyon & Bromley 2002a). We adopt collision rates from
kinetic theory and use an energy-scaling algorithm to assign collision outcomes (Wetherill &
Stewart 1993; Weidenschilling et al. 1997; Davis et al. 1985). To compute collision rates
and outcomes between planetesimals in different annuli, we derive an overlap region whose
size depends on the eccentricities and masses of the planetesimals in each annulus (Kenyon
& Bromley 2002a, Appendix A). We derive changes in orbital parameters from gas drag,
dynamical friction, and viscous stirring (Adachi et al. 1976; Ohtsuki, Stewart, & Ida 2002).
Our approach does not include tidal interactions between the largest bodies and the gas (e.g.
Agnor & Ward 2002) or the largest bodies and smaller planetesimals (Rafikov 2001, 2003).
Our tests show that these effects are small for the early evolution discussed here, but become
important at later stages when the largest bodies merge into planets. We plan to discuss
these issues in future papers. Kenyon & Bromley (2001, 2002a) summarize algorithms and
tests of the code (see also Kenyon & Luu 1998, 1999).
To compute dust masses and luminosities, we use dust production rates and particle
scale heights derived from the multiannulus coagulation code as input to a separate dust
evolution code (Kenyon & Bromley 2004). This second calculation includes collisions among
dust grains along with gas and Poynting-Robertson drag. Because collision timescales are
shorter than timescales for gas and radiation drag, collisions set the size distribution for
small grains and the total optical depth through the disk. We use a simple radiative transfer
method to derive the optical depth through the disk; dust luminosities follow from the dust
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scale height. To derive dust temperatures, we assume grains have an albedo of 20% and emit
as blackbodies in radiative equilibrium.
3. CALCULATIONS
Our numerical calculations begin with 1–1000 m planetesimals in 32 concentric annuli
centered at a distance of 1 AU from the Sun. We consider (i) thin torus calculations at 0.84-
1.16 AU with δai = 0.01 and (ii) thick torus calculations at 0.68-1.32 AU with δai = 0.02.
The planetesimals have an initial surface density Σ = Σ0 (a/1 AU)
−3/2. We consider models
with Σ0 = 8, 16, and 32 g cm
−2. The ‘minimum mass solar nebula’ has Σ0 ∼ 16 g cm
−2
(Weidenschilling 1977; Hayashi 1981). In each annulus, the initial mass distribution has 30–
60 mass batches, with a mass spacing, δ = mi+1/mi = 1.4–2.0, between successive batches.
The cumulative number of bodies is NC ∝ m
−0.03
i . We add mass batches as planetesimals
grow in mass. Each planetesimal batch begins in a nearly circular orbit with eccentricity
e0 = 10
−4 and inclination i0 = e0/2. The initial gas density at 1 AU is ρg = 1.07 × 10
−9
(Σ0/16 g cm
−2) g cm−3; Kenyon & Bromley (2002a) describe how we scale the gas density
with radius and time. For fragmentation parameters, we adopt a tensile strength in the
range S0 = 10
6–108 erg g−1 and a crushing energy Qc = 10
7–109 erg g−1 (Davis et al. 1985;
Wetherill & Stewart 1993).
In our calculations, the growth of planetesimals into planets follows a standard pattern
(Lissauer 1993; Wetherill & Stewart 1993; Weidenschilling et al. 1997). At 1 AU, it takes
500–1000 yr for 1 km objects to grow into 100 km objects. Collisions produce a small amount
of debris, which adds material to the mass batches for 1–100 m objects. Gas drag circularizes
the orbits of small objects and removes ∼ 0.001% of this mass from the innermost annuli.
Viscous stirring raises the eccentricities of the 0.1–10 km objects; dynamical friction lowers
the eccentricities of larger objects. Gravitational focusing factors increase and runaway
growth begins.
Runaway growth concentrates most of the mass in the largest objects. It takes ∼
1− 2× 104 yr to produce 1000 km objects and another ∼ 1− 2× 104 yr to produce 2000 km
objects. During runaway growth, viscous stirring raises the velocities of 100 m to 10 km
bodies to the disruption limit. Collisions among these bodies then produce substantial debris
instead of mergers. Continued stirring lowers gravitational focusing factors and retards the
growth of the largest objects. As large objects grow slowly, erosive collisions reduce the
number of 100 m to 10 km objects substantially.
Figure 1 shows two snapshots of the mass distribution for large objects in a thin torus
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calculation. During the first 105 yr, protoplanets form in the inner annuli. As the collisional
cascade begins at ∼ 0.9 AU, protoplanets start to form at ∼ 1.1 AU. Smaller gravitational
focusing factors and depletion by erosive collisions then limit growth. By ∼ 106 yr, planet
growth saturates at radii ∼ 3000 km. A few protoplanets each with masses of 0.01–0.1
M⊕ then contain & 70% of the remaining mass (25%–50% of the initial mass). The large
eccentricities of these protoplanets allow their orbits to cross; multiple orbit-crossings lead to
mergers and the formation of Earth-like planets (Chambers 2001). Because our coagulation
code does not treat these interactions accurately, we stopped our calculations at ∼ 2 Myr.
We plan to report on calculations that incorporate an n-body code in future papers (Bromley
& Kenyon 2004).
Figure 2 shows the evolution of the dust mass for models with Wetherill & Stewart
(1993) fragmentation. We divide the debris into small grains with sizes of 1–1000 µm and
large particles with sizes of 1–1000 mm. At the start of these calculations, collisions yield
mergers with little dust. As larger objects form, their gravity stirs up planetesimals to the
disruption velocity. Dust production grows rapidly. The dust mass peaks when the largest
objects have radii of ∼ 2000 km. Because the growth time varies inversely with the initial
mass in planetesimals, more massive disks reach peak dust mass before less massive disks.
More massive disks also produce more dust. We derive a simple relation for the dust mass
as a function of initial surface density and time:
MS/L ≈MS/L,0
(
Σ0
16 g cm−2
)(
t0
t
)
for t & t0, (1)
where MS,0 ∼ 10
23 g for small particles, ML,0 ∼ 3×10
24 g for large particles, and t0 ∼ 10
5 yr.
This relation is fairly independent of the fragmentation algorithm and the material properties
of the planetesimals (Kenyon & Bromley 2001; Dominik & Decin 2004).
Despite the rapid decline in dust mass, dust in the terrestrial zone produces an observ-
able IR excess. Figure 3 illustrates the evolution of the 10 µm and 20 µm excesses relative
to a normal stellar photosphere for models with Wetherill & Stewart (1993) fragmentation.
The IR excesses peak when the dust mass reaches its maximum. The largest planets then
have radii of 2000 km. As planets grow to sizes of 3000 km and larger, IR excesses de-
cline considerably. The 0.01–0.1 M⊕ objects then collide and merge into Earth-like planets
(Chambers 2001; Bromley & Kenyon 2004). During this final accumulation phase, 10–20
µm excesses are small.
As the 10–20 µm excesses decline, individual collisions among 10–100 km objects pro-
duce fluctuations in the dust production rate. These disruptive collisions yield large varia-
tions in the 10–20 µm excesses.
Infrared excesses are relatively insensitive to the size of the zone where terrestrial planets
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form. In the left panels of Figure 3, calculations in a thin torus at 0.84-1.16 AU produce
excesses of ∼ 1–2 mag at 10 µm and ∼ 3 mag at 20 µm. Calculations in a larger torus yield
somewhat larger excesses (Figure 3; right panels). We estimate that a complete calculation
of the terrestrial zone at 0.3–3 AU would yield 10–20 µm excesses . 1 mag larger than the
excesses in Figure 3.
Our calculations indicate that the magnitude of the 10–20 µm excess produced by
terrestrial dust is insensitive to many model parameters. Because collisions dominate the
destruction of planetesimals and dust grains, the details of gas and Poynting-Robertson
drag are unimportant. Rapid early growth erases the initial size distribution; variations
in the slope of the initial power-law size distribution do not modify the results. Changes
in the fragmentation parameters S0 and Qc produce modest, ∼ 25%, changes in the dust
production rates and the growth timescales. As noted in previous studies, Davis et al. (1985)
fragmentation yields shorter growth times and smaller dust production rates; this algorithm
also concentrates a larger fraction of the initial mass into the largest bodies. However, the
long-term evolution of the IR excesses in models with Davis et al. (1985) fragmentation is
nearly identical to the evolution with Wetherill & Stewart (1993) fragmentation (Kenyon &
Bromley 2004).
The initial mass in planetesimals controls the timescale of the dust evolution. Massive
disks produce larger planets more rapidly than low mass disks. The timescale for the for-
mation of 2000–3000 km planets scales inversely with the mass (Lissauer 1987; Wetherill &
Stewart 1993; Weidenschilling et al. 1997; Kenyon & Luu 1998, 1999), tP ≈ 1− 2× 10
5 yr
(16 g cm−2/Σ0).
The initial surface density also sets the geometry of the dusty disk. In calculations with
Σ0 & 16 g cm
−2, the radial optical depth of the disk often exceeds unity. The opaque, inner
disk can then shadow the outer disk (Kenyon & Bromley 2004). Shadowing reduces the
disk luminosity and the magnitude of the IR excess. Thus, massive disks are sometimes less
luminous than low mass disks (Figure 3).
Comparisons with other approaches support our estimates. Wood et al. (2002) assume
the disk mass decreases homologously with time and derive IR excesses from detailed radia-
tive transfer calculations. Their predictions for 10 µm excesses, . 2 mag for disks with .
1024 g in 1–100 µm particles at 0.2–2 AU, agree with our results.
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4. SUMMARY
Our calculations yield the first demonstration that terrestrial planet formation produces
observable amounts of dust. The 10 µm excesses range from ∼ 2 mag at t ∼ 105 yr to . 0.25
mag at t ∼ 106 yr. The excesses are largest when 1000–2000 km objects form; IR excesses
fade as protoplanets collide and begin to merge into Earth-mass planets.
The size and duration of IR excesses from terrestrial planet formation are similar to
values needed to explain objects in transition from the opaque disks of pre-main–sequence
stars to optically thin debris disks. Our models yield maximum IR excesses of N–N0 ≈ 2
and Q–Q0 ≈ 3–4; T Tauri stars with disks have N–N0 ≈ 2–5 and Q–Q0 ≈ 4–8. In ∼ 10
6
yr, the model IR excesses decline to values consistent with those of T Tauri stars without
opaque disks, N–N0 . 0.4 and Q–Q0 . 0.5. IR excesses probably remain at this level for
∼ 1− 10× 107 yr, as terrestrial planet formation concludes.
Quantifying IR excesses from 300 K dust around 1–100 Myr old solar-type stars tests
predictions for dust masses and timescales for the formation of 1000–3000 km protoplanets.
The models predict observable 10–20 µm excesses for . 1 Myr old stars and small excesses for
older stars. Current ground-based 10–20 µm data agree with this prediction (e.g., Weinberger
et al. 2003). Data from SIRTF should provide better statistics on IR excesses and a better
test of the model. During the final accumulation phase, IR excesses are too small for detection
with direct imaging observations. However, instruments with adaptive optics on 10–100 m
class telescopes can resolve the radial dust distribution and provide direct constraints on the
late epochs of terrestrial planet formation. For terrestrial planets forming around 1–10 Myr
old stars, we expect dusty structures on 0.1–1 AU scales (see also Ozernoy et al. 2000),
roughly similar to the 10–100 AU structures observed in debris disks around nearby A-type
stars (e.g. Jayawardhana et al. 1998; Schneider et al. 1999; Weinberger et al. 1999; Wilner
et al. 2002). Direct detections of these structures around nearby solar-type stars would
provide good evidence for recent formation of terrestrial planets.
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Figure Captions
Fig. 1 – Masses of the largest objects for a thin torus model with Σ0 = 16 g cm
−2 and
Wetherill & Stewart (1993) fragmentation. (a) lower panel: t = 105 yr; (b) upper panel:
t = 106 yr. The horizontal error bars indicate the extent of the orbit for each object.
Fig. 2 – Evolution of the dust mass in small grains (’S’; 1 µm ≤ r ≤ 1 m) and large
grains (’L’; 1 mm ≤ r ≤ 1 m) for models with Σ0 as indicated in the legend. More massive
disks produce more debris at earlier times than less massive disks. For all disks, the dust
production rate converges to a power-law decline with time.
Fig. 3 – Evolution of the broadband 10 µm (N-N0) and 20 µm (Q-Q0) excesses as a function
of time. Left panels: 0.84–1.16 AU torus calculations; right panels: 0.68–1.32 AU torus
calculations. Fragmentation produces large excesses relative to a stellar photosphere at
t ∼ 104 to 105 yr. By t ∼ 106 yr, the 10 µm excess is nearly unobservable; a small excess
persists at 20 µm.
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Fig. 1.— Masses of the largest objects for a thin torus model with Σ0 = 16 g cm
−2 and
Wetherill & Stewart (1993) fragmentation. (a) lower panel: t = 105 yr; (b) upper panel:
t = 106 yr. The horizontal error bars indicate the extent of the orbit for each object.
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Fig. 2.— Evolution of the broadband 10 µm (N-N0) and 20 µm (Q-Q0) excesses as a function
of time. Left panels: 0.84–1.16 AU torus calculations; right panels: 0.68–1.32 AU torus
calculations. Fragmentation produces large excesses relative to a stellar photosphere at
t ∼ 104 to 105 yr. By t ∼ 106 yr, the 10 µm excess is unobservable; a small excess persists
at 20 µm.
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Fig. 3.— Evolution of the broadband 10 µm (N-N0) and 20 µm (Q-Q0) excesses as a function
of time. Left panels: 0.84–1.16 AU torus calculations; right panels: 0.68–1.32 AU torus
calculations. Fragmentation produces large excesses relative to a stellar photosphere at
t ∼ 104 to 105 yr. By t ∼ 106 yr, the 10 µm excess is nearly unobservable; a small excess
persists at 20 µm.
